We aligned published sequences for the U3 region of 35 type C mammalian retroviruses. The alignment reveals that certain sequence motifs within the U3 region are strikingly conserved. A number of these motifs correspond to previously identified sites. In particular, we found that the enhancer region of most of the viruses examined contains a binding site for leukemia virus factor b, a viral corelike element, the consensus motif for nuclear factor 1, and the glucocorticoid response element. Most viruses containing more than one copy of enhancer sequences include these binding sites in both copies of the repeat. We consider this set of binding sites to constitute a framework for the enhancers of this set of viruses. Other highly conserved motifs in the U3 region include the retrovirus inverted repeat sequence, a negative regulatory element, and the CCAAT and TATA boxes. In addition, we identified two novel motifs in the promoter region that were exceptionally highly conserved but have not been previously described.
Many genetic studies have shown that transcriptional signals in the U3 regions of mouse type C retroviruses, particularly enhancer elements, are potent determinants of viral pathogenicity (9, 10, 18-20, 30-32, 45, 47, 49, 68) . In nondefective viruses that induce hematopoietic tumors, transcriptional sequences can influence leukemogenicity, the latency period of disease induction, and disease specificity (9, 10, 18-20, 30-32, 45, 47, 49) . The type C mammalian retroviruses constitute one of the best model systems for studying how transcriptional regulation of viral gene expression influences viral pathogenesis. There are more than 100 independent isolates of type C viruses. A significant percentage of these have been molecularly cloned and sequenced, and in a number of cases pathogenic phenotypes have been mapped to the viral enhancer-promoter region (for reviews, see references 82 and 83) .
The mouse type C virus enhancer is present as a direct repeat of about 50 to 150 nucleotides; it is located approximately 200 base pairs (bp) upstream of the cap site (28, 42, 43, 46) . Workers in our laboratory and others are engaged in detailed genetic and biochemical analyses of murine type C virus enhancers to understand how nuclear factors interact with these elements to shape the disease-inducing phenotypes of the viruses (5, 7, 27, 37, 50, 64, 65, 68, 71, 72 ; N. A.
Speck, B. Renjifo, E. Golemis, T. N. Fredrickson, J. W. Hartley, and N. Hopkins, Genes Dev., in press). For this purpose we found it useful to prepare an alignment of published type C virus enhancer sequences, particularly those of mouse type C viruses whose pathogenicity has been studied. Besides helping us to begin correlating specific enhancer factor-binding sites with pathogenic phenotypes, particulary disease specificity, this alignment led to the observation of a highly conserved structure to the enhancer elements of this particular group of mammalian type C * Corresponding author. viruses. Encouraged by these observations, we proceeded to align the rest of the U3 region sequences to search for additional motifs whose unusually high conservation might implicate them as important cis-acting elements in viral replication. 5' of the enhancer region, two previously defined motifs, one involved in integration and the other an apparent negative regulatory element, stood out as being particularly highly conserved. In the promoter region, in addition to the CCAAT and TATA sequences, two blocks of extremely highly conserved sequence of unknown function were noted between the CCAAT and TATA motifs. In this paper, we provide the sequence alignments that have proved useful in our own research and describe highly conserved aspects of the enhancers of these particular mammalian type C retroviruses.
METHODOLOGY AND RESULTS
Rationale of the data base. The U3 regions in type C murine retroviruses are between 350 and 550 bp in length. We compiled a data base that contained complete U3 region sequences of 32 different type C mammalian retroviruses and partial U3 sequences spanning the enhancer region and its flanking sequences for three additional retroviruses (the complete alignment is available upon request). All sequences used in this study were either directly transferred from the GenBank database or obtained from the references indicated in the legend to Fig. 2 . Alignment was assisted by using the Multiple Sequence Editor program of the University of Wisconsin Genetics Computer Group (22) .
All of the viruses included in this comparison were derived either from cloned replication intermediates or from fulllength integrated proviruses of ecotropic, xenotropic, amphotropic, and polytropic host range classes. We excluded sequences for truncated endogenous proviral fragments, since sequence variation in the U3 region of these viruses may have occurred in the absence of selective pressure for viral viability. Although most of the viruses in the alignment are murine leukemia viruses (MLVs), several feline and simian type C viruses were also included.
Some of the viruses included in the alignment are more 534 ACT-MCCAATCAGCTCGCTTCTCGCTTCTGTACCCGCGCTTCTTGCT-GCCCAGCTC-------TATAAAAAGGGT-CACMCCCCA--CACTCGG (498-594) CCAAT TATA FIG. 1 . Plurality sequence for the U3 region of 35 mammalian type C viruses indicating sequences shared by >90% of the isolates. The top part of the figure is a schematic representation of the LTR, showing the location within U3 of the four regions described in the text. Viruses whose sequences were aligned to generate the plurality sequence are described in the legend to Fig. 2 . The plurality for the aligned sequences was created by using the Multiple Sequence Editor program and is represented for each of regions 1, 2, 3, and 4 on the bottom part of the figure. Symbols: , two different bases are equally prevalent at that position; -, most viruses do not contain a nucleotide at that position, but that it was necessary to introduce a gap to maximally align some of the viruses. For each base position, the number of viruses matching the plurality was calculated and divided by the total number of viruses compared for that position. (In practice, to achieve a conservation score of 90% or higher, no more than three viruses diverged at any given position.) If two different bases were equally prevalent at a position, one was arbitrarily defined as divergent and viruses with that base were scored as varying from the plurality. In cases in which individual viruses had point insertions, the virus with the insertion was defined as varying from the plurality. Any base in the plurality that is shared by more than 90% of the viruses is indicated by an open box drawn above it. The IR sequence required for provirus integration, and highly conserved binding sites for several cellular factors are underlined.
closely related than others (see the legend to Fig. 2) . In some cases, one virus gave rise to others through laboratory manipulations. For instance, Moloney murine sarcoma virus (MoMSV), Abelson leukemia virus, and myeloproliferative sarcoma virus are all variants of Moloney MLV (MoMLV), although they were not recovered from a common biologically or molecularly cloned isolate of MoMLV (1, 2, 12, 52) . Although there will be less sequence variation between the more closely related isolates, the variability is particularly useful because it should be restricted to nonessential sequences, or, alternatively, may reside in motifs that specify distinct biological properties of the different isolates.
For the purposes of comparison, we divided the U3 region into four segments (Fig. 1) Fig. 2A) . Region 3 consists of about 65 bp between region 2 and the CCAAT box, and region 4 consists of 100 bp at the extreme 3' end of U3 that contains the viral promoter ( Fig. 1) (28, 56) . We determined the base that appears most frequently at each position in the alignment ( Fig. 1; Fig. 2A , top line; see also Fig. 4 ). If that base is shared by >90% of the isolates in the study, we have placed an open box over it in Fig. 1 and drawn a box around it in Fig. 2A Fig. 1 ) of murine, simian, and feline type C retroviruses; delineation of conserved motifs and indication of repeat structure. Viruses included in this alignment are abbreviated as follows: GALV-SE and GALV-SF, gibbon ape leukemia virus, SEATO and San Franscisco isolates (73) ; SSV, simian sarcoma virus (21); FeLV-B and FeLV-A, feline leukemia virus, B subgroup/Gardner-Arnstein, and A subgroup/Glasgow-i (67); SL3-3, SL3 lymphomagenic virus (45) ; GrLV, Gross passage A leukemia virus served blocks at least 5 to 6 bp in length, are candidates for cis-acting regulatory sequences for viral gene expression. We suspect that in regions where colinearity among the virus sequences is maintained, the spacing of neighboring motifs may also be functionally important.
Enhancer region. Region 2 contains the retroviral enhancer, which has been considered to be a hypervariable region in U3 (Fig. 2) (14) . A significant source of this variability (as well as of variability at the 3' end of region 1) comes from differences in the boundaries of the directly repeated sequence. Naturally occurring retroviruses often have two or more tandem copies of enhancer sequences, but the sequence that is repeated varies between viruses; the location of the 5' boundary of the direct repeat can vary over 51 bases (positions 138 to 189 in our alignment), and the 3' repeat boundary can vary over 75 bases (positions 217 to 292) (Fig. 2B) . To identify maximum conservation of the enhancer sequences, it was therefore necessary to introduce gaps in the sequences to obtain the optimal alignment. Figure 2A shows the alignment of enhancer region sequences. The left-hand side of the figure contains sequences present in the first copy of the direct repeat or, in some cases, lying just 5' of the sequence that is repeated (Fig. 2B) . The right-hand side of Fig. 2A shows sequences that are occasionally included within the repeated sequence, but are more often found immediately 3' to the direct repeat and have been shown in some cases to contribute to enhancerpromoter activity (43) .
There is striking conservation of the motif AAACAGG ATATCTG(T/C)GGT in the viral enhancer, and this sequence is usually flanked on its 5' side by GGGCC (Fig. 2A) . The 18-bp stretch is 98% conserved overall, with sequences from 26 of 35 viral isolates matching the plurality exactly. A number of different lines of evidence argue that this motif is a key component of the mammalian type C retroviral enhancer. Of the 18 viral isolates we compared that have enhancer duplications, all but one of the isolates include this motif in the duplicated region (Fig. 2B [some data not included]). A central portion of this motif, the CAGGATA motif, was originally defined by mobility shift assays as the binding site for a ubiquitous factor, leukemia virus factor b (LVb), and subsequently defined as the binding site for a factor designated leukemia virus factor t (LVt) (64; N. R. Manley (65) . Especially in light of this TPA inducibility, it is intriguing that in many viruses the 5' end of the 18-bp conserved motif, along with two C's from the GGGCC motif, include the sequence CCAAACAGG, which is similar to the consensus for the CArG box. This CArG motif is found in the central portion of the serum response element, which is bound by the p67 serum response factor (26, 29, 60, 72, 74, 75) . It has not yet been determined whether this homologous CArG motif contributes to TPA inducibility of the retroviral enhancer.
The 3' portion of the highly conserved motif in the direct repeat corresponds to part of the consensus for the conserved viral "core" motif, found also in the simian virus 40 and polyomavirus enhancers [TGTGG(T/A)(T/A)(T/A)] (81).
This region is also included in the TPA-responsive element of MoMLV (65) . Inspection of the type C retroviral enhancer sequences in Fig. 2A reveals a number of variants of the core sequence, for example, TGTGGTCAA, TGTGGTAA, TGT GGTTA, TGTGGTCGA, TGCGGTGAG, and TGCGGT AA. Proteins have been shown to bind to some of these variants, and studies in several laboratories have implicated certain versions of this motif to be involved in the T-cell-or lymphoid-specific transcriptional preference of the MoMLV and SL3-3 enhancers (5, 34, 64, 65, 72 ).
Yet another line of evidence that suggests an important role for the LVb/core conserved region comes from the study of the pathogenicity of viruses containing point mutations in either the LVb-or the core-binding sites of the MoMLV enhancer. Although these viruses are viable, they exhibit an increase in the latency period of disease induction relative to the wild-type MoMLV and alterations in the types of leukemia that they induce (Speck et al., submitted).
Sequence conservation throughout the remainder of the enhancer region is somewhat less dramatic. Furthermore, because the repeat structlire of different viral isolates causes the 3' boundary of the repeat to vary over 75 bp, it is more difficult to compare sequences quantitatively in this region. However, with the sequences aligned as shown in Fig. 2A , it is possible to identify a second set of motifs that are quite highly conserved, although they are less frequently duplicated than the LVb/core motif. These motifs include the bases GCCCCGGC (96% overall), followed by four variable bases, and then GGCCAAGAACAG (96% overall). These bases include the consensus binding motif for nuclear factor 1 (NF1) (T/CGGN56GCCAA) (23, 44, 53 (65) . The significance of the conservation of the GCCC motif flanking the NF1 consensus on its 5' side is not known.
Many viruses also possess the consensus for the glucocorticoid response element (GRE) (AGAACAGATG), a binding site for steroid hormone receptors (7, 17, 51, 84) . The GRE mediates the dexamethasone induction of several viruses, including SL3-3, AKV, and MoMSV (7, 17, 51) . Twentyseven viruses maintain the GRE precisely in at least one copy of their enhancer sequence, and in several enhancers (left side of the figure) and a short sequence that lies 3' of the direct repeat in most viruses (right side of the figure). Any base in the alignment for which more than 90% of the sequences match the plurality sequence is boxed. The repeat structure of a number of the included viruses is such that the 3' end of the enhancer region repeat is "truncated" (panel B), although certain motifs are present in the second copy. Boxes reflecting conservation of sequence are thus drawn to indicate the presence of the conserved sequence in at least one copy of the enhancer sequence, even though the second-copy sequence is not shown. Binding sites for the cellular proteins LVb, core, NF1, and GRE, shown to bind to at least some isolates, are indicated above the alignment. (B) The viruses shown here are a subset of those included in panel A. The entire repeated sequence for each isolate is shown. Where tandem copies of repeat sequence are interrupted by short nonrepeated sequences, the interruptions are indicated in lowercase letters. For Friend virus, a single 9-bp insertion in the middle of the second copy of the enhancer sequences is also indicated in lowercase letters. The region corresponding to the LVb/core conserved domain is boxed in a heavy line; the region corresponding to the NF-1 and GRE consensus motifs is indicated by lines drawn above the aligned sequences.
VOL. 64, 1990 on (Fig. 1, region 4) . See the legend to Fig. 2 for a description of viruses whose sequences were aligned and for criteria for drawing boxes around highly conserved bases.
(e.g., MoMLV and SL3-3) the GRE site is repeated three times. Not all of the enhancers that have GRE sites are transcriptionally activated by dexamethasone; this might be due, in part, to flanking sequences that affect productive utilization of the GRE (17, 57) .
In the region from the LVb/core motif through the GRE ( Fig. 2A, positions 188 to 248) , no large gaps are introduced in the sequences to make different viruses fit the alignment. This suggests that not only maintenance of specific sequences, but also their spacing relative to each other, may be important for optimal enhancer function. Most of the viruses compared have all four of these motifs (LVb-core-NF1-GRE), and many include them in their repeat structure.
The right-hand segment of Fig. 2A shows approximately 35 bp of sequences that are within the direct repeat of a few viruses but are most often found flanking the repeat on the 3' side of the promoter-proximal GRE site. Laimins et al. called these sequences in MoMSV the "GC rich" element and determined that they contribute to transcriptional activity (43) . There is one short, highly conserved motif (AGT TTC) in the 3' half of the 35-bp segment ( Fig. 2A) (27) . The Moloney and Friend virus sequences from this region bind distinct nuclear factors, which may contribute to the disease specificity conferred by this region (50) .
Conserved sequences at the 5' end of U3. In the 5' region of U3 (region 1) there are two long blocks of highly conserved sequence (Fig. 1) . The sequence TGAAAGACCCC (AATG AAAGACCCC before integration) corresponds to the inverted repeat (IR) sequence essential for retrovirus replication (58) . Conservation of this consensus is 97%; 31 of 35 viruses maintain the exact sequence. A second long block of conserved sequence includes the motif CGCCAAT, included in the upstream conserved region (UCR) site. Flanagan et al., by a combination of in vitro protein binding and in vivo functional analyses, recently identified this motif as a negative regulatory element for several murine viruses and noted the striking conservation of this motif among a large number of type C retroviruses (25) . Spacing between the IR and UCR sites is somewhat flexible; although their borders are about 27 bp apart in most isolates, in some viruses the distance between them is as short as 18 bp. Besides the IR and the UCR motifs, no other long conserved motifs were found in region 1, although a 6-bp block of highly conserved sequence flanks the 3' side of the UCR motif. As noted above, is is necessary to introduce gaps in the alignment toward the 3' end of region 1 to "fit" different viruses.
Promoter-associated motifs. Region 4, which includes the transcriptional promoter, shows the highest level of conservation in the U3 sequences ( Fig. 1 and 3) . In particular, the CCAAT and TATA motifs are almost completely conserved (64) . Boxes indicate the boundaries of binding sites, usually as defined by methylation interference (50, 64) . Binding of glucocorticoid receptor to the Friend MLV enhancer has not yet been studied. It has not been determined which factors can bind simultaneously to these elements. (6) . There is also striking conservation of sequences between the CCAAT and TATAA motifs. In particular, the 15-bp motif GCTTCTCGCTTCTGT is 99.2% conserved and is exactly maintained in 29 of 33 viruses, whereas the motif CGCGCTT is 99.6% conserved and is identical in 32 of 33 viruses. These highly conserved motifs coincide with a region suggested by Graves et al. to be part of a "distal signal" for MSV long terminal repeat (LTR)-directed transcription (28) . Although the function of these conserved sequences between CCAAT and TATA has not yet been investigated in detail, they may be important promoterproximal elements. The spacing of most of these large blocks of conserved sequence is quite rigorously maintained; no gaps at all intervene between CCAAT and either of the two novel downstream conserved motifs. More variable spacing occurs between the CGCGCTT motif and TATA; the distance between these motifs ranges from 5 to 20 bp.
The approximately 65-bp segment in region 3 between the enhancer region (region 2) and the CCAAT box is less highly conserved than the promoter region (Fig. 1) . There are no highly conserved motifs longer than 4 bp, and to our knowledge, no function has yet been identified for this region of U3.
DISCUSSION
We have generated a computer alignment of published enhancer sequences for a number of murine, feline, and primate type C retroviruses. This alignment, in combination with genetic and biochemical studies, is proving useful for correlating sequence motifs with particular disease specificities (50) and has helped us to formulate a working model of enhancer design for this group of viruses.
The most highly conserved element in the enhancer of mammalian type C viruses is a sequence that includes the motif CAGGATA ( Fig. 2A) , recognized by several distinct nuclear factors but first defined as the binding site for a nuclear factor called LVb (64; Manley et al., unpublished). The LVb-binding site is invariably flanked on its 3' side by a somewhat less highly conserved TG(T/C)GGT (core) motif, which is frequently followed (5'--> 3') by the NF1 and GRE consensus sequences. We view this assembly of highly conserved binding sites as the enhancer "framework."
Within the conserved motifs that constitute the enhancer framework, there are deviations from consensus sequences among viruses; at least some of these deviations may contribute to the distinct biological properties conferred by type C virus enhancers. Studies in three laboratories have implicated specific core motifs as conferring lymphoid-specific transcriptional activity to the MoMLV and SL3-3 enhancers (5, 65, 72) , and Clark et al. noted that most MLVs that induce erythroleukemias share a particular core motif (TGCGGTAAA) that is distinct from the core sequence from viruses that cause T cell lymphomas (15) . Mutation of the core motif in MoMLV (TGTGGAAA -> TGCCGAAA) shifted the disease specificity from thymic leukemia to erythroleukemia (Speck et al., in press). Mutations in the adjoining LVb-binding site in MoMLV also resulted in a virus that induced some erythroleukemias. Together, these observations suggest that the conserved core motif and, possibly, LVb do play an important role in disease specificity.
Some viruses, however, have identical LVb/core sequences, yet genetic studies show that their enhancers encode different forms of leukemia. The nondefective Friend MLV clone 57 has a core sequence identical to that of MoMLV, yet the Friend MLV enhancer confers an erythroid rather that thymic disease specificity. This would argue that the highly variable sequences flanking the enhancer framework, particularly 5' and immediately 3' to the highly conserved LVb/core motif, can also specify disease phenotypes, and, indeed, genetic studies support this conclusion (27) . Several nuclear factors have been identified that bind sites flanking the LVb/core motif in the enhancer regions of Friend MLV and MoMLV, and several of these sites are specific to either the Friend MLV or MoMLV enhancer (Fig.  4) (50, 64) . The factors identified so far that can bind to the first copy of the direct repeats of MoMLV or Friend MLV are represented schematically in Fig. 4 . It is apparent that the minor sequence differences between the two enhancers in regions flanking framework sequences can alter the array of factors that can assemble over the element. The factors that bind to variable regions flanking framework sequences might determine the distinct biological properties of the MoMLV and Friend MLV enhancers directly, or, alternatively, they might do so by influencing the association of cell-type-specific transcription factors to the more highly conserved LVb/core region.
We have used extremely high conservation of sequences among a set of closely related viruses to help us locate elements in the U3 region, particularly the enhancer, that are functionally important. Confirming the validity of this approach, we note that previously identified cis-acting elements, the IR, UCR, CCAAT, and TATA motifs, stood out in our analysis. Thus, we suspect that in addition to the enhancer sequences discussed above, at least two other highly conserved sequence elements we identified in this screen may be functionally significant. These promoter elements. Two additional 6-bp motifs, one between the direct repeat and the CCAAT box and one just 3' of the UCR site, were also seen (Fig. 1) . We would, of course, expect that these identified motifs may be only a subset of the highly conserved binding sites for important proteins, since some sequence-specific DNA-binding proteins tolerate remarkably degenerate sequences (3, 59) . It is also possible that some regions with only minor sequence variation might nevertheless bind discrete, independent factors in a manner analogous to that used by the putative core family of proteins discussed above. A number of type C virus-related endogenous proviral LTR fragments have been cloned and sequenced, although to date their biological activity has been studied in only limited detail (8, 37, 41 ; J. Stoye, personal communication). To determine whether these viruses share the enhancer framework that we observed among exogenous type C viruses, we aligned 18 endogenous U3 sequences, including 6 belonging to the polytropic class of endogenous viruses and 4 of the modified polytropic group (data available upon request) (69) . The UCR sequence, the TATA motif, and the two elements that were found between the CCAAT and TATA sequences in the exogenous viruses were highly conserved in the U3 regions of the endogenous viruses. A variation of the CCAAT sequence (to CCAAC) was more common among the endogenous viruses. In most cases, sequences were not available for the 5' edge of the LTR so the conservation of the IR sequence could not be determined. Within the enhancer region, there was considerable deviation from the highly conserved LVb/core motif of the exogenous viruses. CAGGA is deleted in the putative enhancers from all the polytropic viruses we examined, thus eliminating the LVb-binding site. Most of the endogenous viruses also lacked the highly conserved portion of the core motif [TG(T/C)GGT], having in its place the sequence GGTGGT. The NF1 site 3' of the LVb/core motif was frequently absent in the endogenous viruses through the removal of the 3' half of its consensus sequence (CGGN5GCAA replaces CGGN56GCCAA). The GRE site was retained in most viruses. Finally, as noted previously by others, many endogenous viruses have a 190-bp insert between their enhancer and promoter; this element may in itself provide an enhancer function (8, 36) . Thus, the enhancer regions of these viruses were frequently distinct from those of the exogenous viruses.
Given the large numbers of endogenous LTR sequences in the mouse genome, it would be interesting to know more about the transcriptional activity of their distinctive LTRs. As with the exogenous viruses, it is the rich biology and extraordinary diversity of elements available that makes the study of transcriptional signals of mammalian type C viruses so interesting. 
